Ash dieback caused by an alien, invasive fungus Hymenoscyphus fraxineus is a serious disease of European ash species in many parts in Europe. In Poland, the disease was recorded in the beginning of the 1990s. This study was performed in 2016-2017 with the aim to identify fungi isolated from ash shoots showing dieback symptoms in the Wolica Nature Reserve in Poland, as well as from shoots of two years-old ash seedlings inoculated with H. fraxineus in the greenhouse.
IntroductIon
The dieback symptoms of ash have been observed in Poland since 1992 (Stocki and Stocka 1999; Sierota 2001; Przybył 2002; Gil et al. 2017) . Since then, it is known that the fungus Hymenoscyphus fraxineus (T. Kowalski) Baral, Queloz and Hosoya is responsible for a severe decline on all age classes of Fraxinus excelsior L. stands (Kowalski and Holdenrieder 2008, 2009; Kirisits et al. 2010 ). Ash dieback caused by H. fraxineus has been reported in numerous countries in Europe (Vasaitis and Enderle 2017; Enderle et al. 2017) .
It is well documented that after the fungus H. fraxineus colonization of bark and wood tissues, phytotoxin viridiol is secreted causing dying of plant tissues (Andersson et al. 2010) . After primary intensive development and killing of bark tissues, pathogen moves to the wood where it could be quickly substituted with other colonizers of dead tissues (Kowalski et al. 2016) . Several species of fungi were found in necrotic tissues of shoots and stems of dying common ash trees (Przybył 2002; Kowalski and Kehr 1992; Kowalski and Łukomska 2005; Schumacher et al. 2007; Bakys et al. 2009; Kowalski and Bartnik 2010) . Species observed on dead tissue of ash shoots represent a cosmopolitan fungal genus Alternaria (that includes saprobic and pathogenic species associated with a wide variety of substrates) (Woudenberg et al. 2013; Kowalski et al. 2016) , genus Epicoccum (saprophytes or a weak pathogens or endophytes) (Khulbe et al. 1992; Bruton et al. 1993; Fá-varo et al. 2012; Ristić et al. 2012) , Diaporthe/Phomopsis (that includes pathogens, endophytes and saprobes) (Udayanga et al. 2011; Gomes et al. 2013; Kowalski et al. 2016 ), a genus Fusarium (that includes pathogens, but most species of this genus are harmless saprobes) (Summerell et al. 2010; Kowalski et al. 2016; Kowalski et al. 2017) .
Study of the diversity of fungi in natural reserves is of wider interest because it is well known that more diverse ecosystems better cope with disturbing factors and alien invasive species. Very often, the molecular methods are applied in order to determine the fungalspecies with the help of universal primers, that is, 'ITS1' and 'ITS4' (Gardes and Bruns 1993; https://www.ncbi. nlm.nih.gov/). The above primers are complementary to the Internal Transcribed Sequences (ITS), and gained wide acceptance for work with fungal identification, because they amplify the highly variable ITS1 and ITS2 regions surrounding the 5.8S-coding sequence situated between the Small SubUnit-coding sequence (SSU) and the Large SubUnit-coding sequence (LSU) of the ribosomal operon (Martin and Rygiewicz 2005; Porras-Alfaro et al. 2014 ). Because of not exclusive power of distinction between fungal and plant rDNA amplification provided by 'ITS1' primer, the more accurate primer for fungal identification ('ITS1-F', Gardes and Bruns 1993), besides the 'ITS1' primer has been used in the present study.
The aim of this study was to identify fungal species associated with necrotic tissues of shoots of dying ash in the Wolica Nature Reserve in Poland and to compare results with data obtained after artificial inoculations of two-year-old ash seedlings with H. fraxineus.
MAterIAl And Methods

Experiment I
Sampling in the stand
In spring 2016, about thirty shoots, 4-8 mm in diameter with necrotic lesions were sampled from three common ash trees (F. excelsior) in the 26-year-old ash stand. The stand is located in compartment 374 c in the Wolica Nature Reserve (52º11'16.70"N, 20º41'17.96"E) . The phenomenon of ash dieback was investigated in this stand in 2012 and 2013, when the vitality of trees was very poor and many trees showed severe defoliation (Pacia et al. 2017) .
In order to produce inocula for artificial inoculation, some fresh and healthy looking ash shoots were collected from mixed stands in the Chojnów Forest District.
Isolation and identification of microorganisms from ash trees
In the spring season in 2016, the living, symptomatic shoots (with lesions) collected in Wolica ash stand were cut into pieces of the length ca. 1-2 cm, and then sterilized in 90% ethanol (1 min), 4% NaOCl sodium hypochlorite (5 min) and again in 90% ethanol (30 s) (Kowalski 2006) . After drying them on a sterile filter paper and cutting down the top layer of bark, the wood was cut for pieces of ca. 5 × 2 × 2 mm and put on 2% malt-extract agar (MEA) medium (Merck, Germany) solidified in Petri plates. It was then incubated at 20ºC in dark. In total, 60 pieces of symptomatic wood tissues were taken from thirty shoots.
The Petri plates with inoculum were incubated at 20°C in the dark and few days old growing colonies were transferred onto a new MEA media. The pure cultures of isolated fungi (22) were stored in Forest Research Institute and used for DNA extraction.
The 50 mg of mycelium of each fungal species were homogenized in the presence of liquid nitrogen using a mortar and pestle. Total genomic DNA was extracted from mycelium with DNeasy Plant mini kit (Qiagen ® , Hilden, Germany) according to the manufacturer's instructions.
In order to identify the fungal species, the DNA of 22 fungal isolates were amplified by a conventional PCR approach with the use of the universal primers ITS1 (5' -TCC GTA GGT GAA CCT GCG G, White et al. 1990 ) or ITS1-F (5' -CTT GGT CAT TTA GAG GAA GTA A, Gardes and Bruns 1993) were used (Tab. 1). The 25 μl PCR mix consisted of PCR buffer (10x), 25 mM MgCl 2 , 0.2 mM dNTPs 1 μM each primer, 1 U of Taq polymerase, MQ water up to 25 μl and 100 ng of DNA. Cycling conditions were denaturation 95ºC 5 min followed by 35 cycles of denaturation 94ºC for 0.5 min, annealing at 56ºC for 0.5 min and extension 72ºC 1 min, and a final extension at 72ºC for 7 min (Korabecna 2007, modified by Nowakowska). The PCR products of ITS region were separated by electrophore- 
Experiment II
Plant material
The experiment was performed in the greenhouse of the Forest Research Institute (IBL, Sękocin Stary, Poland). Sixty two-year-old European ash seedlings were planted in 1 l pots filled with a 1:1 (v:v) peat: perlite mixture at the beginning of the vegetation in May 2016. The temperature ca. 22˚C and relative humidity 65% ±5% was controlled automatically by the computer software and were shaded when the light intensity exceeded 50 klx. Plants were irrigated manually with tap water once a day.
Inoculation of seedlings
In September 2016, twenty ash seedlings were inoculated at the base of stems (5-10 cm above the soil level). The control variant consisted of forty ash seedlings: twenty wounded in the same way as described above and another twenty ones not inoculated and not wounded. In order to obtain the inocula, the healthy ash branches were cut into small pieces autoclaved and placed on the surface of the H. fraxineus four-week-old pure cultures and kept for 4 weeks to let them overgrow with fungus. Then, the inocula were placed under the cut bark in T shape and sealed with Parafilm (SigmaAldrich, Taufkirchen, Germany).
Isolation and identification of microorganisms from seedlings
In September 2017 (one year after inoculation), the reisolation from 20 dead ash seedlings inoculated with H. fraxineus were performed from around the inoculation points and 120 pieces of wood were placed on 2% maltextract agar (MEA) medium (Merck, Germany) . The obtained pure cultures of fungi were identified in both ways morphologically at the genus level and molecularly (according to the method described in the Experiment I) at the level of species. (Fig. 1) . The latest four isolates were characterised by very low genetic distance (0.038). Polymorphic sites revealed between positions 0-994 bp of the studied ITS1 regions clearly shows the differences between all the investigated species (Suppl. fig. in electronic ver. ).
In the experiment in greenhouse, 100% of the seedlings inoculated with H. fraxineus were dead (already eight months after inoculation). From ash seedlings, H. fraxineus was identified in only 2.4% of the obtained cultures. Among the obtained isolates dominated, Fusarium species were dominated with 38.8% (F. avenaceum -33.1% and F. acuminatum -5.5%), while Alternaria species with the frequency of 28.7%. Phomopsis spp., including Diplodia eres, were third most frequently observed colonizers with the frequency of 17.7%, while the other unidentified species were from phylum Ascomycota participated with 7.9% in total isolations. Bionectria ochroleuca, Paraphaeshaeria neglecta and E. nigrum were observed at frequencies 4%, 0.4 and 0.1%, respectively.
dIscussIon
Do the present studies show the succession of fungi colonizing ash tissues? We did not apply different time of sampling (initial necrosis, advanced necrosis and dead shoots); however, we noticed a clear difference after a year of the experiment. Instead of inoculated pathogenic anamorph Chalara fraxinea, we isolated many other fungal species. The reason for this is probably that the fungus H. fraxineus is a primary pathogen killing healthy tissues, mainly to its ability of viridol production, which is toxic to ash plants (Grad et al. 2009; Andersson et al. 2010) . However, later, the fungus is losing the competition with other decomposing fungi being more successful and taking over their domination in dead tissues. We noticed that symptomatic ash shoots colonized by other plant pathogens, as well as by endophytes and saprobes.
In this work, the fungal species were identified based on the analysis of ITS1 sequences of the rDNA. Identification of fungi from, for example, Fusarium and Alternaria genera based only on analysis of ITS sequences are very problematic, nevertheless the ITS1 region is commonly used as the first step in molecular identification of fungi (Toju et al. 2012) . It has been demonstrated that this fragment of internal transcribed spacer of fungal ribosomal RNA identifies the ascomycetous, basidiomycetous, and zygomycetous fungi to the species level (Glass and Donaldson 1995). Other genes (e.g., ACT, βT, TEF1-α, CAL) can also be studied for a precise identification of fungal species. In many studies, the use of ITS sequence data together with protein-coding genetic data has become the normal practice for fungal identification (Korabecna 2007; Duong et al. 2012 ). According to Porras-Alfaro et al. (2014) , the sequencing of the LSU region in many fungal spe- cies gives very similar results of the comparison based on MSA with the study based on the entire ITS region (ITS1 plus 5.8S rRNA plus ITS2). In some cases, the phylogenetic analyses of the ITS2-LSU sequences have revealed that the morphologically similar isolates represent a complex of the cryptic species (Doung et al. 2012) . Hence, our molecular analysis with the general set of primers, that is, ITS1 and ITS1-F can be considered as a preliminary attempt of identification, prior to the future focus on other genes, that is, ACT, β-T, CAL or TEF1-α, which permit more accurate identification of fungi from, for example, Fusarium and Alternaria genera.
Nevertheless, we managed to describe the fungal community structure in the declining shoots of ash trees in the Wolica Nature Reserve in Poland and we got similar results in the greenhouse experiment, while inoculating shoots with H. fraxineus and performing re-isolation tests after a year. Based on the comparison of ITS1 sequences, the results of this survey revealed 19 fungal taxa associated with ash shoots showing dieback. This is the valuable point of this research. Moreover, our findings confirmed the occurrence of fungi in symptomatic shoots of F. excelsior published earlier by many scientists. According to Boudier (1994) , Phoma exigua (Boeremia exigua) can cause brown spotting on 1-and 2-year-old shoots of European ash seedling. Next to Hysterographium fraxini, P. exigua have been considered to be involved in serious decline, in combination with abiotic factors (Grzywacz 1995; Przybył 2001) . Boeremia exigua (synonym B. exigua var. exigua) is an ubiquitous soil borne saprobe, weak pathogen or wound parasite. Associated with stem and leaf lesions of a wide range of host plants and with rotting fleshy roots and tubers, often causing distinct symptoms such as leaf spots, stem lesions, damping off, dieback, root rots and tuber rots. Our findings are also compatible with Kowalski and Kehr (1992) The occurrence of Epicoccum is also not so simple and obvious case in respect of its pathogenicity. Namely, this genus could be a saprophyte, a weak pathogen of rapeseed seeds and roots as well as sorghum seeds and seedlings, an opportunistic pathogen of melon, cucumber, tomato, apple and pear fruit or sugarcane endophyte (Khulbe et al. 1992) . Seed-borne infection, pathogenic importance and control of Epicoccum nigrum Ehrenb, ex Schlecht. In rape seed (Brassica napus L.), these were thoroughly described by Khulbe et al. (1992) , Bruton et al. (1993 ), Fávaro et al. (2012 and Ristić et al. (2012) . Tulik et al. (2017) developed the hypothesis that ash trees affected by H. fraxineus causing ash dieback could exhibit a reduced vessel size and density along the trunk, as well as a lowered width of annual wood rings, leading to the weakening of water transport towards the crown. As the consequence, shoots that are dying result in infection by aforementioned species of fungi genus Phomopsis, Diplodia, Fusicoccum, Diaporthe, Cytospora and others. In such a way, the phenomenon of fungi succession is initiated first in living, later in dead ash shoots. This observation proved to be a rapid stepping down of H. fraxineus -the primary cause of ash dieback, being replaced by other fungi colonizing ash tissues.
From this point of view, the knowledge of the distribution of pathogenic fungal species associated with F. excelsior suffering from ash-dieback phenomenon can be very useful in forest tree management and diversity conservation programs. In both experiments (in the stand and in the greenhouse), we observed no crucial difference between the fungal species isolated from young shoots (naturally infected in the ash stand and seedlings inoculated with H. fraxineus in the greenhouse). However, we did not check the occurrence of the aforementioned fungi in living plant tissues. We believed that those fungi come after infection by H. fraxineus because control plants were healthy. Nevertheless, it is possible that some of those fungi could live as endophytes, but it was not the purpose of this study.
conclusIon After ash shoot infection by H. fraxineus, the succession of other species of fungi was observed as well in natural (Wolica Reserve) as in control conditions (greenhouse).
Especially in fungi, which are less successful in colonizing living tissues, start to overtake wood of ash shoots previously killed by H. fraxineus. 
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